Cyclopolymerization is a chain polymerization of bifunctional monomers via alternating process of intramolecular cyclization and intermolecular addition, to give soluble linear polymers consisting of in-chain cyclic structures. Though cyclopolymers comprising in-chain multiple large rings potentially show unique functions, they generally involve the elaborate design of bifunctional monomers. Herein, we report cation template-assisted cyclopolymerization of poly(ethylene glycol) dimethacrylates as an efficient strategy to directly lead to polymeric pseudo-crown ethers with large in-chain cavities (up to 30 membered rings) for selective molecular recognition. The key is to select a size-fit metal cation for the spacer unit of the divinyl monomers to form a pseudo-cyclic conformation, where the two vinyl groups are suitably positioned for intramolecular cyclization. The marriage of supramolecular chemistry and polymer chemistry affords efficient, one-pot chemical transformation from common chemical reagents with simple templates to functional cyclopolymers.
Introduction
The marriage of supramolecular/organic chemistry and polymer chemistry is a promising strategy for the efficient and selective synthesis of designed materials. [1] [2] [3] It often involves template molecules that non-covalently or covalently interact with substrates, to induce a specific conformation, in which reactive sites and substrates are oriented suitably for chemical bond formation.
For example, such a template-directed synthesis [4] [5] [6] [7] [8] [9] [10] utilizing supramolecular interaction or molecular recognition is quite effective for intramolecular cyclization by bringing reactive sites close. Metal (M + ) or ammonium (R n NH 4-n + ) cations are often employed as templates for selective cyclization of poly(ethylene glycol) (PEG)-containing substrates into crown ether derivatives 4, 8 or interlocked molecules (rotaxanes and catenanes), [5] [6] [7] 9, 10 typically combined with metathesis reactions. Templates assist not only the selective production of such supramolecular materials [4] [5] [6] [7] [8] [9] [10] but also the precision control of primary structure of polymers. [11] [12] [13] [14] [15] [16] [17] [18] For example, we and other groups have recently developed template-assisted precision control of tacticity 15 and monomer sequence [16] [17] [18] in conjunction with metal-catalyzed living radical polymerization. [19] [20] [21] [22] Cyclopolymerization 23-36 is a chain polymerization of bifunctional monomers via alternating propagation process of intramolecular cyclization and intermolecular addition, to give soluble linear polymers consisting of "in-chain" cyclic structures. This strategy affords direct and quantitative incorporation of cyclic units into polymers as repeating units, in sharp contrast to the polymerization of monomers bearing a cyclic pendent group 37 or the post-functionalization of linear polymers. 38 With the in-chain multiple cyclic units, cyclopolymers potentially show unique functions, e.g. polymeric (pseudo-)crown ethers recognize particular cations in a way different from monomeric counterparts. 25, 32, 39 The key for selective vinyl-type cyclopolymerization is of course to bring the two olefins in a bifunctional monomer to vicinity for effective intramolecular cyclization, so as to suppress intermolecular propagation with only one of the two alkene units into pendent olefin-bearing polymers; otherwise the dangling olefin further causes intermolecular crosslinking of polymers to give insoluble gels and/or branched polymers. [40] [41] [42] [43] So far, cyclopolymers with relatively large in-chain rings (at most 20-membered rings) generally involved the elaborate design of bifunctional monomers that place two olefins close typically through a rigid spacer, [29] [30] [31] [32] except for counterparts with small 5 or 6-membered rings from 1,6-dienes and 1,6-diynes. [33] [34] [35] [36] Herein, we report cation template-assisted controlled radical cyclopolymerization of poly(ethylene glycol) dimethacrylates [PEGnDMA: competitive conditions. To our knowledge, this is the first example to apply cation templates for selective and efficient cyclopolymerization of divinyl monomers carrying a long, flexible spacer via the alternating propagation of intramolecular cyclization and intermolecular addition into cyclopolymers containing multiple and large in-chain PEG rings, in sharp contrast to conventional template-directed intramolecular cyclization for crown ether-based supramolecular materials. [4] [5] [6] [7] [8] [9] [10] It should be noted that this template-mediated cyclopolymerization is an efficient, one-pot, and selective chemical transformation from common reagents with simple templates to functional cyclopolymers. Poly(ethylene glycol) dimethacrylate (PEGnDMA) efficiently interacts with metal cations to in situ form pseudo-cyclic conformation with the adjacent location of the two olefins, which induces the alternating propagation process of intramolecular cyclization and intermolecular addition to selectively give linear polymers comprising large in-chain cyclicPEG rings (up to 30 membered). Thus, cyclicPEG polymers behave as polymeric pseudo crown ethers to perform unique cation recognition dependent on the ring size. (Fig. 2c) ; the plot showed a maximum at χ = 0. Supplementary Fig. S6 ). The targeted degree of polymerization (DP = (Fig. 3b, Supplementary Fig. S7 ). From the signal intensity ratio b/(a+a'), the dangling (unreacted) olefin content was estimated as 4.9% for an initial sample (conversion = with high cyclization efficiency (>97%, d: filled blue circle), whereas the direct polymerization of PEG6DMA induced intermolecular linking reaction of polymer chains to lead to high molecular weight products including dangling olefins (~20%, e: filled black and red circles).
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~30 %, Fig. 3b ) and 2.4 % for a final sample (conversion 87%, Supplementary Fig. S7 ). The decrease with conversion suggests that the observed olefin might be located at the ω-terminal unit, where one methacrylate in the monomer is consumed by intermolecular propagation, while another stands by for intramolecular cyclization. 2 Table S4 ). Within the cyclopolymers PPEGnDMA, T 1 decreased with decreasing the number of oxyethylene units (n):
0.51 (6), 0.68 (8); the shorter the spacer (the smaller ring size), the more limited the thermal mobility. The lowered mobility also supports the formation of cyclopolymers with "in-chain" polyether rings.
Because of the hydrophilic and thermosensitive PEG units, cyclopolymers of PEG6DMA and PEG8DMA were soluble in water at room temperature but underwent reversible, hysteresis-free phase transition in a narrow temperature range where lower critical solution temperature (LCST) was 35 and 50 o C, respectively ( Supplementary Fig. S13 ). The LCST for PPEG6DMA was between those for non-cyclic counterparts from PEG2MA (~26 o C) and PEG3MA (~52 o C). 45, 46 PPEG6DMA might provide attractive thermosensitive amphiphilic biomaterials with LCST close to human-body temperature.
Ion recognition. Given their consecutively placed in-chain crown ether units, recognition of metal cations was examined for PPEGnDMAs obtained with K + template (Fig. 4 , Supplementary   Figs . S14-S19, Supplementary Table S5 ). Thus, interaction of PPEG6DMA (DP = 12.5; M n = 7900) with alkali metal salts (LiI, NaI, KI, KPF 6 , and RbI; separately mixed with the polymer) was Table S4 ).
However, the K + recognition by PPEGnDMA was dependent on the ring size (n) (Fig. 4b ).
The stoichiometry (K + :cycloPEG unit) changed from 1:1 to 1:2 as n decreased from 6 to 4, judged from the fact that the Job-plot maximum shifted from χ = 0. Recognition of a cesium cation (CsBPh 4 ) was further examined with cycloPEG homopolymers (PPEG6DMA, PPEG8DMA), a MMA/PEG6DMA (75/13) random copolymer, and their monomers (Fig. 4c, Supplementary Fig. S18 ). Selective/competitive ion recognition. The efficiency and selectivity in the cation recognition by PPEG6DMA was further evaluated in competitive recognition. Thus, in cyclohexanone/acetone-d 6 (1/1, v/v), the polymer was mixed with an equimolar mixture of Na and another alkali metal cation, and the selectivity was evaluated in monitoring the sodium guest by 23 Na NMR spectroscopy (Fig. 5) ; obviously, 1 H or 13 C NMR is totally useless in this analysis, because there was little difference in chemical shift between cyclic PEG units with Na and with another cation. This method will also provide evidence for recognition not from the host (PEG by NMR) but from the guest (cation).
In the presence of PPEG6DMA, the Na signal of NaI shifted to upfield by ∆δ = - implies that the presence of competing cations does not seriously interfere the recognition of a preferred cation and that the cation selectivity in PPEG6DMA increases in the order Bu 4 N < Li < Na < K. In addition, in-chain cyclic PEG units are essential for the selective recognition, since PPEG3MA turned out poorly selective in cation recognition ( Supplementary Fig S19) . Table S3 : M n = 7500; M w /M n = 1.11; CE = 98%) in DMSO-d 6 at room temperature. 13 C NMR of a sample (entry 9 in Table S3 : M n = 7900; M w /M n = 1.20; olefin = <1%; CE = ~99%) in Figure S2 ) with Origin 8.5
(Supplementary Figure S3) . Figure S4 ) determined by 13 Figure S17) . 
